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Mouse t Complex Synergistically Mediate Sperm
Capacitation and Interactions with the Oocyte
Anjali A. Redkar, Yuming Si,1 Stephanie N. Twine,
Stephen H. Pilder, and Patricia Olds-Clarke2
Department of Anatomy and Cell Biology, Temple University School of Medicine,
Philadelphia, Pennsylvania 19140
The t haplotypes (t) are recent evolutionary derivatives of an alternate form of the mouse t complex region located at the
roximal end of chromosome 17. This variant form of approximately 1% of the mouse genome is a source of mutations
ltering numerous sperm functions crucial for fertilization. Males that carry two t haplotypes (t/t) are invariably sterile. t
haplotypes contain four inversions relative to the wild-type t complex (1), so that in matings involving a 1/t heterozygote,
t is usually transmitted as a single unit. However, rare recombinants have been recovered, which carry only part of the t
enotype and express only some of the t-dependent phenotypes. Use of these partial t haplotypes in genetic crosses has
esulted in the general location of the two major t male sterility factors, S1 and S2, within inversions 1 and 4, respectively.
ince sterility can result from a plethora of sperm defects, we have made a detailed study of various functional parameters
f sperm from mice carrying S1 or S2 heterozygously or homozygously or in combination. Both S1 and S2 contain mutations
ltering sperm functions, including motility, capacitation, binding to the zona pellucida, binding to the oocyte membrane,
nd penetration of the zona pellucida-free oocyte. Therefore it seems clear that each of these factors contains multiple genes
ontributing to sterility. Furthermore, our results indicate that genes within S1 interact with genes in S2 for all sperm
unctions examined. However, S1 and S2 genes affecting motility interact in a purely additive fashion, while S1 and S2 genes
ffecting most other sperm characteristics interact in a synergistic manner. Additionally, the patterns of synergism between
1 and S2 for abnormalities in capacitation, sperm–oolemma binding, and zona-free oocyte penetration are nearly identical.
his suggests that these three defects are caused by mutation of the same gene within each sterility factor. These findings
ill not only be instrumental in matching the various t haplotype sperm defects to candidate genes for S1 and S2, but will
acilitate a more comprehensive understanding of the cellular and genetic mechanisms underlying t haplotype male
terility. © 2000 Academic Press
Key Words: fertilization; capacitation; sperm motility; sperm–zona pellucida binding; sperm–oolemma binding; oocyte
penetration; mouse t complex; male sterility; synergism; epistasis.m
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iINTRODUCTION
Fertilization in mammals requires that a sperm under-
goes a cascade of changes just prior to and during its
interactions with the oocyte (Yanagimachi, 1994). The
sperm is enabled to interact with the oocyte and its invest-
ments via capacitation, a process which includes changes in
1 Present address: Department of Pathology, Temple University
School of Medicine, Philadelphia, PA 19140.
2 To whom correspondence should be addressed at the Depart-
ment of Anatomy and Cell Biology, Temple University School ofm
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All rights of reproduction in any form reserved.embranes, motility, and metabolism. Following capacita-
ion, sperm–zona pellucida binding is a necessary prerequi-
ite for the acrosome reaction (AR) and penetration of the
ona pellucida. Additionally, only acrosome-reacted sperm
ind to and fuse with the oocyte membrane (oolemma;
anagimachi, 1994). While immunological and biochemi-
al approaches have identified several sperm proteins in-
olved in some of these steps (McLeskey et al., 1998;
isconti et al., 1998; Primakoff and Myles, 2000), many
actors important for fertilization have yet to be character-
zed.
A genetic approach, employing mouse t haplotypes as a
odel system to study male fertility, has provided a wealth
267
T268 Redkar et al.of information about novel genetic factors that regulate
sperm motility, capacitation, and interactions with the
oocyte (Lyon, 1986; Olds-Clarke, 1997; Redkar et al., 1998;
Samant et al., 1999; Fraser and Dudley, 1999; Si and
Olds-Clarke, 1999; Herrman et al., 1999; Fossella et al.,
2000). The t haplotypes are closely related variants of the
proximal 20 cM of mouse chromosome 17 (often referred to
as the t complex). These variants or “mutations” are held
together as unified entities by four neighboring inversions,
In1–In4 (Fig. 1), which suppress recombination in 1/t
heterozygotes. Thus, a 1/t heterozygote will usually trans-
mit an intact copy of a t haplotype to its progeny.
Males, but not females, bearing two complete t haplo-
types (t/t) are sterile. Their sperm have defects in motility
(Olds-Clarke and Johnson, 1993), capacitation, zona pellu-
cida binding (Si and Olds-Clarke, 1999), and penetration of
the zona pellucida-free oocyte (Johnson et al., 1995a). Be-
cause sperm from t/t males are able to form functional
pronuclei after intracytoplasmic injection into the oocyte
(Kuratake et al., 1996), these sperm must be defective in
oocyte membrane interaction. Since vigorous sperm motil-
ity is not necessary for penetration of the zona-free oocyte
(Wolf et al., 1993; Terriou et al., 1993), t/t male sterility
might result from mutations in genes regulating sperm
motility and/or gamete interaction.
Lyon (1986) detected the presence of at least three t
sterility factors (S1, S2, and S3), each residing in a separate
inversion (In1, In4, and In3, respectively). The two factors
with the strongest influence on the t/t sterility phenotype
were S1 and S2 (Fig. 1). Using partial t haplotypes, formed
from rare 1/t crossover events, usually between inversions,
Lyon found that S2 when homozygous (tS2/tS2) caused male
sterility by itself. Although mice homozygous for S1 (tS1/tS1)
were fertile, the addition of a single copy of S2 (tS1/tS1-2)
resulted in male sterility (Lyon, 1986). Thus S2 somehow
interacted with S1 to induce sterility in the tS1/tS1-2 male.
cr is an element of t haplotypes located between In2 and
In3. The t allele of Tcr determines which Chr 17 homolog is
passed to the progeny of a 1/t male mouse. Tcr has been
isolated, and in in vitro experiments appears to be an odd
serine–threonine protein kinase created from the fusion of
two wild-type genes (Herrmann et al., 1999). However, the
in vivo substrate of this putative kinase has not been
elucidated, and thus, its in vivo cellular function is un-
known. Furthermore, genetic evidence has shown that
sterility of t/t mice is Tcr allele-independent (Lyon, 1986).
Because S1 and S2 are located within inversions, identi-
fication of the genetic elements that constitute each factor
has proved very difficult by traditional genetic methodolo-
gies. Therefore, several indirect detection techniques that
have resulted in high-resolution mapping/candidate gene
isolation have been devised (Pilder et al., 1991; You et al.,
1997; Planchart et al., 2000; Fossella et al., 2000). However,
a significant increase in our understanding of sperm func-
tion in mammalian fertilization will require a determina-
tion of the cellular as well as the genetic basis for this male
Copyright © 2000 by Academic Press. All rightsterility phenotype, especially with regard to the nature of
FIG. 1. List of complete and partial t haplotypes used in this
study. The t haplotypes are grouped according to whether they
carry S1 (tS1), S2 (tS2), or both sterility factors (tS1-2). The individual
components of t haplotypes are indicated in the top chromosomal
diagram, with inversions depicted by boxes and the centrally
located Tcr (t complex responder) region depicted as three horizon-
tal lines. The centromere (on the left) is shown as an open circle.
Since neither In2 nor Tcr contains sterility factors, and In3 carries
only a weak sterility factor, S3 (Lyon, 1986), these elements of t
haplotypes were not tested separately in this study. However, in
every case in which the mice tested were homozygous for In1 (S1),
In2, and Tcr (th49/tw32), or homozygous for In4 (S2), In(S3), and Tcr
(tsp/tw32), at least three males that were homozygous for S1 and
heterozygous for Tcr (tpo/th49) or homozygous for S2 and heterozy-
gous for In3 and Tcr (th50/tw32) were also tested.S1–S2 interactions.
As indicated above, the sterility of t/t mice could result
s of reproduction in any form reserved.
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269Male Sterility Factors in the Mouse t Complexfrom several different types of sperm defects. Examination
of sperm from mice homozygous for only S1 or only S2
ould determine the cellular nature of the sperm defects
esulting from each of these factors. For example, sperm
rom tS2/tS2 mice have very poor motility (Pilder et al.,
993), while sperm from tS1/tS1 mice have only mild motil-
ty abnormalities (Johnson et al., 1995b). While sperm from
oth tS1/tS1-2 and tS2/tS1-2 mice have difficulty in penetrating
ona pellucida-free oocytes in vitro (McGrath and Hillman,
980; Johnson et al., 1995b), sperm from tS1/tS1 mice were
ble to penetrate zona-free oocytes (Johnson et al., 1995b).
owever, sperm from tS1/tS1 mice were not compared to
ild-type sperm on the same genetic background, and
perm from tS2/tS2 mice were not tested for their ability to
penetrate zona-free oocytes. Thus, it is uncertain whether
defects in oocyte penetration are due to mutations in S1, S2,
or both factors. Also, no studies of capacitation, zona
binding, or oolemma binding have been published for sperm
from mice homozygous for only S1 or only S2. In the
resent study, sperm from mice heterozygous or homozy-
ous for S1, S2, or both factors were compared to wild-type
perm on a similar genetic background. Sperm were tested
or motility, capacitation, sperm-zona binding, and penetra-
ion of zona pellucida-free oocytes. In addition, an improved
perm–oocyte binding assay (Redkar and Olds-Clarke,
999) was used to evaluate the binding of sperm to the
olemma.
MATERIALS AND METHODS
Mice
All males tested (3–10 months of age) were bred in the colonies
of P. Olds-Clarke or S. Pilder. Mating pairs used to breed the partial
t haplotypes ts6 and th50 were generous gifts to P.O.-C. from Dr. John
Schimenti, while tw82 was purchased from The Jackson Laboratory
Bar Harbor, ME). To avoid confusion with tw32, tw82 is hereafter
referred to as tpo. Mice carrying the partial t haplotype th49 were a
gift from Dr. Lee Silver to S.P. The derivation of these partial t
haplotypes is described in Lyon (1990) and Silver et al. (1980). The
complete and partial t haplotypes carried on the 129X1/SvJ (129)
ackground were tw5 and th49, while those carried on the C57BL/6
(B6) background were tw32 and tpo. The th49 haplotype was subse-
quently backcrossed six times to the B6 strain, while the ts6
haplotype was backcrossed three to eight times to the B6 strain.
Therefore, all males tested were similar in genetic background to
either the B6 strain or a hybrid strain (F1) produced by crossing
nimals on the B6 background to those on the 129 background.
uring the course of these experiments, a new partial distal t
aplotype, designated tsp, was discovered. Verification of the extent
f t haplotype chromatin and derivation was achieved by Southern
lot–restriction fragment length polymorphism (RFLP) analysis.
his novel partial t haplotype appeared to have been derived from
tw5 haplotype carried on the 129 background. All evidence
suggests that the crossover event occurred in the small uninverted
region between In1 and In2.
Genomic DNAs were extracted from mouse tail-tip biopsies
(Pilder et al., 1991), and alleles of marker genes within the t
complex were detected by Southern blot–RFLP analysis of TaqI-
digested genomic DNAs (Pilder et al., 1991). Markers used to
o
(
Copyright © 2000 by Academic Press. All rightdistinguish among wildtype and partial and/or complete t haplo-
types included D17Leh48 (Fox et al., 1985), Tctex1 (Lader et al.,
1989), D17Au9 (Howard et al., 1990), D17Leh119, D17Leh54,
Hbaps4, Pim1, Crya1, and D17Leh89 (Pilder et al., 1991).
For this study, partial t haplotypes were grouped on the basis of
whether they carried S1 or S2 (Fig. 1). All partial t haplotypes
containing S1 but not S2 were included in the category tS1,
irrespective of whether they contained the t alleles of In2 and/or
Tcr (t-complex responder), since In2 does not contain t sterility
factors and t/t male sterility is Tcr-independent (Lyon, 1986).
Likewise, partial t haplotypes containing S2 but not S1 were
ncluded in the category tS2, irrespective of whether they contained
he t alleles of In3 and/or Tcr, since In3 carries a factor (S3) that has
nly a marginal influence on t/t male sterility (Lyon, 1986). The t
aplotypes carrying both S1 and S2 (i.e., a complete t haplotype) are
eferred to as tS1-2. Each of the distal and complete t haplotypes
ontain lethal factors causing death of the embryo when homozy-
ous. Therefore, males carrying distal or complete t haplotypes
ith complementing lethal factors were tested.
Gamete Preparation
Gametes were cultured in IVF medium, based on a modified
Krebs-Ringer-bicarbonate medium containing 1.7 mM calcium and
50 mM Hepes (Neill and Olds-Clarke, 1987). All chemicals were
obtained from Sigma (St. Louis, MO) unless otherwise specified.
For sperm preparation, IVF medium was supplemented with 2%
BSA (bovine serum albumin, fraction V, fatty acid-free; ICN Bio-
medicals, Inc., Aurora, OH). For oocyte preparation and gamete
co-incubation, IVF medium was supplemented with 0.3% BSA.
The caudae epididymides of each male were minced and placed
in 400 ml IVF medium for 10 min at 37°C in 5% CO2 in air. The
pididymal tissue was then removed and a 100-ml sperm sample
was diluted 1:1 with IVF medium. Sperm aliquots were assessed for
motility between 15 and 35 min after dilution. The rest of the
sperm were incubated for 90 min at a concentration of about 1 3
108/ml at 37°C in 5% CO2 in air. Thereafter, sperm concentration
as determined using a hemocytometer and sperm were assessed
or capacitation, zona binding, oolemma binding, and oocyte pen-
tration.
Motility
Sperm motility was assessed using the IVOS sperm analyzer
(Hamilton Thorne Research, Beverly, MA), described previously (Si
and Olds-Clarke, 2000). Briefly, sperm were diluted in IVF to
0.5–1.0 3 106/ml and analyzed at 60 images/s for 0.5 s. Only
sperm tracks with $16 images and a curvilinear velocity of .50
mm/s were used. At least 461 sperm from each male were analyzed,
pooled from two separate samples. A sperm with progressive
motility was defined as having a curvilinear velocity of .50 mm/s
i.e., which moved about five head lengths or more during the time
f observation, in any direction). Progressive velocity (VSL; also
alled straight line or net velocity) is the average velocity measured
n a straight line from the beginning to the ending of the track.
Capacitation
Capacitation was assessed by a modification of the chlortetracy-
cline (CTC) staining procedure as described elsewhere (Si and
Olds-Clarke, 1999). Briefly, 5 ml of a sperm suspension was mixed
n a warm slide with 5 ml of the CTC solution (20 mM 3-[N-tris-
hydroxymethyl)methylamino]-2-hydroxypropanesulfonic acid (an
s of reproduction in any form reserved.
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270 Redkar et al.organic buffer; Research Organics, Inc., Cleveland, OH), 130 mM
NaCl, 5 mM cysteine, and 500 mM CTC). After 15–30 s, a coverslip
as applied and the staining patterns were determined by exami-
ation under an epifluorescence microscope with appropriate fil-
ers. Sperm not yet capacitated exhibit fluorescence over the entire
ead and midpiece (F pattern), while capacitated but acrosome-
ntact sperm have a nonfluorescent region in the posterior head (B
attern). Acrosome-reacted sperm exhibit little or no fluorescence
ver the head. The B pattern is correlated with the ability to
ndergo the zona pellucida-induced acrosome reaction (Ward and
torey, 1984).
Sperm Binding to the Zona Pellucida
Sperm binding to the zona pellucida was assessed as described
previously (Si and Olds-Clarke, 1999). Briefly, 5- to 10-week-old
CF-1 females (Charles River Laboratories, Wilmington, MA) were
superovulated with 7.5 IU PMSG and 7.5 IU hCG. Sixteen hours
after hCG injection, cumulus–oocyte clumps were removed and
incubated in 0.0025% bovine testis hyaluronidase (Calbiochem,
San Diego, CA) and 0.01% soybean trypsin inhibitor for 5 min to
remove the cumulus oophorus. Oocytes were then washed and
inseminated with 5 3 106 sperm/ml for 15 min. Oocytes were then
washed five times with a micropipet with a bore size of 100 mm,
hich removes virtually all sperm from the zona pellucida of
wo-cell embryos (Si and Olds-Clarke, 1999). Usually, 9–12 oocytes
ere tested for each genotype in each experiment. Sperm remain-
ng associated with the zona pellucida were visualized with
oechst 33342 (Molecular Probes, Inc., Eugene, OR).
Binding and Penetration of the Zona Pellucida-Free
Oocyte
Quantification of sperm–oolemma binding and sperm–oocyte
penetration was carried out as described (Redkar and Olds-Clarke,
1999), with minor modifications. Briefly, cumulus–intact oocytes
recovered from the distended ampullae of superovulated (7.5 IU
PMSG and 7.5 IU hCG) CF-1 female mice were treated with 0.1%
w/v hyaluronidase (Type I-S) in IVF medium for 3–5 min followed
by a brief exposure to 0.25% w/v collagenase (Type I). Zona
pellucida-free oocytes thus obtained were washed three times in
IVF medium and then placed in 2-ml IVF medium drops under
mineral oil. Usually, 9–12 oocytes were tested for each sperm
group in each experiment. The oocytes were co-incubated with 10
ml of 107 sperm/ml at 37°C in 5% CO2, 5% O2, and 90% N2 for
30–180 min. The co-incubation was terminated by adding 100 ml of
1% azide in IVF medium and the oocytes were then washed gently
six times in fresh IVF medium drops with a 90-mm-bore diameter
icrocapillary pipette to remove sperm not tightly bound (Redkar
nd Olds-Clarke, 1999). Oocytes were placed on a slide, air-dried,
xed, stained with Hoechst 33342 for 10 min, and visualized under
fluorescent microscope with the appropriate filters. For each
ocyte, the number of sperm with condensed nuclei (intact sperm,
ot yet fused) and decondensed nuclei (within the oocyte cyto-
lasm) was determined. The percentage of penetrated oocytes was
alculated as the number of oocytes penetrated by one or more
perm, divided by the total number of oocytes observed. The
ertilization index (FI) was calculated as the mean number of
econdensed sperm per oocyte, including those oocytes with no
perm. h
Copyright © 2000 by Academic Press. All rightStatistical Analysis
The overall mean for each genotypic group was determined from
the means for each male in that group. Mice of the B6 and F1 strains
ere always analyzed separately. For all sperm characteristics
xcept percentage of oocytes penetrated, group means were sub-
ected to analysis of variance (ANOVA) and when appropriate,
roup differences were determined by the Newman–Keuls test.
tatistically significant differences in percentage of oocytes pen-
trated were determined by the Kruskal–Wallis nonparametric test,
ecause the individual values were not normally distributed.
roups were considered significantly different when P , 0.05.
In experiments comparing oolemma binding at different sperm
oncentrations (Fig. 2), sperm from 1/1 and 1/tS1-2 mice were
pooled for determinations at 107/ml. When these genotypes were
tested separately at this concentration, there were no significant
differences between them (Table 3 and Fig. 3A). Therefore, these
pooled genotypes are referred to as “control sperm.” However, only
wild-type sperm were tested at 106/ml and 105/ml. For F1 control
sperm at 107/ml, two individual values for oolemma binding at 30
min after insemination were omitted because they were outliers (3
and 85 sperm/oocyte). At least 3 males/strain and concentration
were tested.
RESULTS
Sperm Motility
The percentage of sperm that were progressively motile
was not decreased in either 1/tS2 or 1/tS1-2 mice (for t
haplotype nomenclature see Fig. 1 and Materials and Meth-
ods). On both F1 and B6 genetic backgrounds, sperm from
1/tS1 mice exhibited a slightly but significantly lower
percentage of progressively motile sperm, and homozygos-
ity for S1 caused no further decrease (Table 1). However, the
ercentage of progressively motile sperm from F1 tS2/tS2
mice was significantly less than that of sperm from 1/1,
1/tS2, 1/tS1, 1/tS1-2, tS1/tS1, and tS1/tS1-2 mice on a similar
genetic background. On the same background, sperm from
tS2/tS1-2 mice exhibited a significantly lower percentage of
rogressively motile sperm than sperm from tS2/tS2 mice,
ut higher than that of sperm from mice with two complete
haplotypes (tS1-2/tS1-2). Thus, there was a reduction in sperm
progressive motility with homozygosity for S2 and further
reductions when the mice were also heterozygous or ho-
mozygous for S1.
For the F1 strain, the mean VSL of sperm from 1/tS2 and
1/tS1-2 mice was less than that of sperm from 1/1 and 1/tS1
mice, but similar to that of sperm from tS1/tS1 mice (Table
1). Sperm from tS2/tS2 mice exhibited an even lower VSL,
hich was unchanged by the addition of S1 factors (tS2/tS1-2
and tS1-2/tS1-2 mice). In addition, homozygosity for S1 con-
omitant with heterozygosity for S2 (tS1/tS1-2) also reduced
VSL to a similar level. The mean VSL of sperm from those
genotypes tested on the B6 background was similar in
ranking to that of the same genotypes on the F1 background
Table 1). Therefore, heterozygosity for S2 was sufficient to
ignificantly decrease VSL, and homozygosity for S2 was
ufficient to drive the VSL to the same low level as
omozygosity for both S1 and S2.
s of reproduction in any form reserved.
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271Male Sterility Factors in the Mouse t ComplexSperm Capacitation and the Acrosome Reaction
Capacitation was assayed by the frequency of the B
pattern after CTC staining (see Materials and Methods).
Relative to wild-type sperm, only sperm from mice ho-
mozygous for S2 and simultaneously heterozygous for S1
(tS2/tS1-2) exhibited a large decrease in the B pattern fre-
quency, similar to that exhibited by sperm from mice
homozygous for both S1 and S2 (Table 2). Thus, a large
ecrease in capacitation requires that the mice be homozy-
ous for S2 and at least heterozygous for S1.
None of the genotypes displayed a frequency of sponta-
eous AR higher than 16%, even after 3 h of incubation
data not shown). Furthermore, sperm from mice homozy-
ous for S2 and at least heterozygous for S1 had a signifi-
antly lower level of spontaneous AR than sperm of geno-
ypes with higher levels of capacitation. Also, because
tudies of sperm from tS1-2/tS1-2 mice indicated that those
sperm that were capacitated displayed a normal zona
pellucida-induced AR (Johnson et al., 1995a), the zona
pellucida-induced AR was not tested in mice carrying
partial t haplotypes.
Sperm–Zona Pellucida Binding
Neither heterozygosity nor homozygosity for S1 or S2
caused a significant decrease in sperm-zona binding, rela-
tive to wild-type sperm of the same strain. Sperm from 1/tS2
TABLE 1
Effects of t Haplotypes on Sperm Motility
Male genotype
Nu
mal
(A) F1 strain
Wildtype and heterozygotes
1/1
1/tS1
1/tS2
1/tS1-2
Homozygotes
tS1/tS1
tS2/tS2
tS1/tS1-2
tS2/tS1-2
tS1-2/tS1-2
(B) B6 strain (analyzed separately from F1 mice)
Wildtype and heterozygotes
1/1
1/tS1
1/tS1-2
Homozygotes
tS1/tS1
tS1/tS1-2
Note. Values in the same column with different superscripts areand tS2/tS2 mice actually bound better than wild-type sperm
Copyright © 2000 by Academic Press. All right(Table 2). Since wild-type sperm of the B6 strain were not
tested, a direct comparison of sperm from 1/tS1 and tS1/tS1
mice to wild-type sperm was not possible. Nevertheless,
the zona binding ability of these genotypes of sperm was
not different from that of sperm from 1/tS1-2 mice. Sperm
rom tS1/tS1-2 mice also were not significantly different from
sperm from 1/tS1-2 mice on either genetic background.
owever, sperm from tS2/tS1-2 mice displayed a significantly
ower level of binding, similar to that of sperm from mice
omozygous for both S1 and S2. Therefore, as for capacita-
ion, the reduced zona binding seen in sperm from mice
arrying two t haplotypes requires both homozygosity for
2 and heterozygosity for S1.
There was also a relationship between capacitation and
sperm–zona binding at the level of individual males. Of the
experiments in which sperm from F1 males of any genotype
ere assayed for both characteristics (N 5 26), there was a
significant positive correlation between the percentage of
sperm that were capacitated and the number of sperm
bound to the zona pellucida [Pearson’s r (correlation coeffi-
cient) 5 0.76, P , 0.001].
Kinetics of Zona Pellucida-Free Oocyte Binding
and Penetration by Control Sperm
In those genotypes specifying defective sperm motility
(Table 1), penetration of the zona pellucida was expected to
be delayed or absent. For example, sperm from tS1-2 S1-2
r of
sted
Mean 6 SD %
progressively
motile sperm
Mean 6 SD
straight-line (net)
velocity in m/s
54 6 10a 124 6 22a
37 6 11c 130 6 24a
46 6 10a,b,c 67 6 11b
46 6 10a,b,c 72 6 21b
43 6 10b,c 82 6 11b
27 6 11d 32 6 5c
47 6 6a,b 35 6 7c
17 6 6e 29 6 4c
9 6 7f 31 6 3c
49 6 10a 90 6 16a
32 6 15b 86 6 15a
47 6 9a 58 6 14b
32 6 7b 65 6 8b
34 6 12b 34 6 8c
ificantly different (ANOVA, Newman–Keuls test, P , 0.05).mbe
es te
15
13
8
25
10
7
22
17
6
10
7
24
8
14/t mice
were unable to penetrate the zona pellucida, and sperm
s of reproduction in any form reserved.
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272 Redkar et al.from 1/tS1-2 were delayed (Johnson et al., 1995a). Therefore,
sperm were tested for their ability to bind and penetrate
zona-free oocytes.
To determine normal penetration kinetics, zona
pellucida-free oocytes were inseminated with 107, 106, or
105 control sperm/ml and incubated for 30–180 min. F1
sperm at 107/ml were able to penetrate virtually all oocytes
by 30 min of gamete co-incubation, while at 106/ml all
oocytes were not penetrated until 60 min, and at 105/ml
penetration was not complete until 180 min (Fig. 2A). For
B6 sperm inseminated at 107/ml, all oocytes were pen-
etrated by 60 min, at 106/ml by 120 min, but at 105/ml,
oocyte penetration was not complete even after 180 min.
Thus, the rate (but not the maximal level) of oocyte
penetration was affected by insemination concentration
and genetic background
The FI is defined as the number of decondensed sperm
nuclei (i.e., within the ooplasm) divided by the total num-
ber of oocytes, thereby providing a measure of the degree of
polyspermy. The maximal FI after insemination at 107
sperm/ml was significantly higher than after insemination
of sperm of the same genetic background at 106 or 105/ml
(Fig. 2B). Furthermore, the maximal FI after insemination of
B6 sperm at 107 sperm/ml was only half that of the FI after
insemination of F1 sperm at the same concentration, a
ignificant difference. Thus, the rate of oocyte penetration
nd the maximal level of polyspermy were dependent on
TABLE 2
Effects of t Haplotypes on Sperm Capacitation and Binding to the
Male genotype Mean
(A) F1 strain
Wildtype and heterozygotes
1/1
1/tS1
1/tS2
1/tS1-2
Homozygotes
tS1/tS1
tS2/tS2
tS1/tS1-2
tS2/tS1-2
tS1-2/tS1-2
(B) B6 strain (analyzed separately from F1 mice)
Wildtype and heterozygotes
1/1
1/tS1
1/tS1-2
Homozygotes
tS1/tS1
tS1/tS1-2
Note. NT, not tested. Values in the same column with different
, 0.05).
a Data from Si and Olds-Clarke (1999).perm concentration and genotype.
Copyright © 2000 by Academic Press. All rightThe oolemma binding assay was based on the use of
ertilized one-cell zygotes as a negative control, so that only
ightly bound sperm remained associated with the oocytes
Redkar and Olds-Clarke, 1999). For both F1 and B6 sperm,
after 30 min incubation with the oocytes, the level of
binding to the oolemma reflected the sperm concentration
(Fig. 2C). However, this relationship was not true of longer
gamete co-incubation periods. For F1 sperm inseminated at
107/ml, the mean number of bound sperm decreased to ,5
y 60 min, but not until 180 min for 106/ml, and at 105/ml
there was no significant change in binding. For B6 sperm
inseminated at 107/ml, a significant decrease occurred by 60
in, but another significant decrease occurred by 90 min.
hus, the decrease in binding at 107 sperm/ml was slower
for B6 sperm than for F1 sperm. B6 sperm inseminated at
ower concentrations displayed no decrease. Therefore, for
ild-type sperm of both genotypes, the level of binding at
0 min was dependent on the insemination concentration.
owever, when sperm were inseminated at high concentra-
ions, binding to the oolemma decreased significantly
hereafter.
Mutant Sperm Binding to the Oolemma
In a previous study, insemination of 104–105 sperm/ml
from 1/tS1-2 mice resulted in reduced oocyte penetration
Pellucida
D% capacitated sperm Mean 6 SD No. sperm/zona
6 8a (N 5 6)a 19 6 4a (N 5 7)a
6 2a (N 5 4) NT
6 5a (N 5 7) 30 6 8b (N 5 5)
6 5a (N 5 17)a 18 6 6a (N 5 7)a
NT NT
6 6a,b (N 5 6) 28 6 6b (N 5 4)
6 10b (N 5 10) 16 6 3a (N 5 4)
6 10c (N 5 11) 9 6 2c (N 5 8)
6 5c (N 5 6)a 7 6 2c (N 5 4)a
6 1a (N 5 3) NT
6 4a (N 5 7) 30 6 4a (N 5 4)
6 5a (N 5 12) 22 6 8a,b (N 5 7)
6 3a,b (N 5 8) 28 6 7a (N 5 5)
6 9b (N 5 12) 16 6 9b (N 5 6)
rscripts are significantly different (ANOVA, Newman–Keuls test;Zona
6 S
73
74
70
73
61
55
35
36
65
62
63
55
51
supe(relative to wild-type sperm; Johnson et al., 1995a). How-
ever, 1/tS1-2 males are fertile. Therefore, in this study, a 100-
s of reproduction in any form reserved.
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273Male Sterility Factors in the Mouse t Complexto 1000-fold higher insemination concentration was used in
assays of oolemma binding and penetration, to identify
those defects most likely to cause sterility.
For F1 sperm co-incubated 30 min with zona-free oocytes,
perm from tS2/tS1-2 and tS1-2/tS1-2 mice exhibited a signifi-
cantly lower level of binding than that of sperm of all other
genotypes (Figs. 3A and 3B). This indicates that homozy-
gosity for S2 as well as at least heterozygosity for S1 is
required to significantly reduce sperm–oolemma binding at
FIG. 2. Effects of different sperm concentrations on oocyte int
(B), and the number of sperm bound to the oolemma (C) for con
controls included 1/1 and 1/tS1-2 mice, but only 1/1 mice at l
indicate the standard errors of the mean. Where no bar is visible,
to a symbol indicate significant differences within one sperm in
60 min; c, different from 90 min).30 min postinsemination.
Copyright © 2000 by Academic Press. All rightThe binding level of sperm from tS1-2/tS1-2 mice remained
minimal throughout the incubation, while the binding
level of tS2/tS1-2 mice rose slightly but significantly by 90
in. Oolemma binding was not tested for F1 tS1/tS1 mice.
However, after 60 min of incubation, the binding levels of
sperm from tS1/tS1-2 and tS2/tS2 mice were significantly higher
than those of wild-type sperm, indicating a delay in the
normal decrease in binding (Figs. 3A and 3B). Therefore,
while there were subtle defects in kinetics of oolemma
ions. The percentage of zona-free oocytes penetrated (A), the FI
ice of the F1 strain (left) or B6 strain (right). At 107 sperm/ml,
concentrations (see Materials and Methods). The vertical bars
smaller than the symbol indicating the mean. Small letters next
nation concentration (a, different from 30 min; b, different fromeract
trol m
ower
it isbinding due to homozygosity for S2, or homozygosity for S1
s of reproduction in any form reserved.
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274 Redkar et al.and simultaneous heterozygosity for S2, initial binding
levels were normal.
For B6 sperm at 30 min after insemination, the binding
levels of sperm from 1/tS1 and 1/tS1-2 mice were signifi-
cantly lower than that of wild-type sperm. However, the
binding levels of sperm from tS1/tS1 and tS1/tS1-2 mice were
significantly lower than those of sperm from all heterozy-
gotes (Fig. 4). These binding levels did not remain low, but
instead increased throughout the entire gamete co-
incubation period, the tS1/tS1 level dramatically so. There-
ore, heterozygosity for S1 caused a moderate decrease in
initial binding, while homozygosity for S1 (with or without
heterozygosity for S2) caused a severe reduction in initial
FIG. 3. Number of F1 sperm (from mice carrying various t
aplotypes) bound to the oolemma. For clarity, the seven genotypes
ested were separated into two graphs (A and B). The vertical bars
ndicate the standard errors of the mean. Where no bar is visible, it
s smaller than the symbol indicating the mean. All seven geno-
ypes were analyzed for significant differences at once. Since only
ne F1 1/1 male was analyzed at 90 and 120 min, these values were
not included in the analyses for 90 and 120 min. Small letters next
to a symbol indicate significant differences among genotypes for
the same gamete co-incubation time (a, different from 1/1; b,
different from 1/tS2; c, different from 1/tS1-2; d, different from
S1-2/tS1-2; e, different from tS2/tS1-2).binding. Thereafter, homozygosity for S1 caused a striking
increase in binding.
Copyright © 2000 by Academic Press. All rightPenetration of the Zona Pellucida-Free Oocyte by
Mutant Sperm
Sperm were assayed for their ability to penetrate oo-
cytes by incubating 107 sperm/ml with zona pellucida-
free oocytes for 30 –180 min and then determining the
number of decondensed sperm nuclei/oocyte. Since maxi-
mal penetration by wild-type sperm occurred early in this
period (Fig. 2A), the percentage of penetrated oocytes and
the FI is reported only for 60 min (F1 sperm) or 90 min (B6
sperm).
On the F1 background, homozygosity for either S1 or S2
had no significant effect, but on the B6 background,
homozygosity for S1 did cause a significant decrease
(Table 3). However, sperm from B6 tS1/tS1 mice were able
to penetrate a mean of 85 6 21% of the oocytes by 180
min, and the mice were fertile. On the F1 and B6
ackgrounds, sperm from tS1/tS1-2 mice were not signifi-
cantly different from either wild-type sperm or sperm
from tS1/tS1 mice. While sperm from F1 mice homozygous
or S1 and heterozygous for S2 (tS1/tS1-2) penetrated most
oocytes (minimum in any experiment was 40%), sperm
from mice homozygous for S2 and heterozygous for S1
(tS2/tS1-2) had penetrated none (Table 3). Thus, as for
capacitation, sperm from mice homozygous for S2 and
simultaneously heterozygous for S1 displayed a severe
eduction in zona-free oocyte penetration.
There was a striking relationship between capacitation
nd penetration of the zona pellucida-free oocyte. Of the
xperiments in which sperm from F1 males of any genotype
ere assayed for both capacitation and penetration (N 5
0), there was a positive correlation between these two
FIG. 4. Number of B6 sperm (from mice carrying various t
haplotypes) bound to the oolemma. The vertical bars indicate the
standard errors of the mean. Where no bar is visible, it is smaller
than the symbol indicating the mean. Small letters next to a
symbol indicate significant differences among genotypes at that
time of gamete co-incubation (a, different from 1/1; b, different
from 1/tS1; c, different from 1/tS1-2; d, different from tS1/tS1-2).
s of reproduction in any form reserved.
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275Male Sterility Factors in the Mouse t Complexsperm characteristics [Pearson’s r (correlation coefficient) 5
0.86, P , 0.001]. There was also a significant positive
orrelation between these two sperm characteristics for B6
ice [Pearson’s r (correlation coefficient) 5 0.52, P ,
.003; N 5 30].
Fertilization Index of Mutant Sperm
As indicated above, FI is a measure of polyspermy.
Heterozygosity for S1 alone caused a significant decrease in
FI, while homozygosity for S1 caused a further reduction of
I only on the B6 background (Table 3). On both genetic
ackgrounds, the FI of sperm from mice both homozygous
or S1 and heterozygous for S2 was not different from that of
perm from mice homozygous for S1. Homozygosity for S2
lso caused a decrease in FI, relative to wild-type F1 sperm.
Since sperm from tS2/tS1-2 mice penetrated virtually no
ocytes after 60 min of co-incubation, their FI was 0. Thus,
ither S1 or S2, when homozygous, decreased the FI. How-
ver, only homozygosity of S2 together with heterozygosity
TABLE 3
Effects of t Haplotypes on Sperm Penetration
f Zona-Free Oocytes
Male genotype
No.
males
tested
Mean 6
SD %
penetrated
zona-free
oocytes
Mean 6 SD
No. sperm/
oocyte (FI)
(A) F1 strain
Wildtype and heterozygotes
1/1 18 100 6 2a 6.6 6 2.0a
1/tS1 10 100a 3.9 6 1.1b
1/tS2 9 100a 5.9 6 3.2a
1/tS1-2 39 99 6 4a 5.4 6 2.7a
Homozygotes
tS1/tS1 6 92 6 14a 1.7 6 0.7b,c
tS2/tS2 7 100a 2.7 6 0.8b,c
tS1/tS1-2 21 78 6 22a,b 1.3 6 1.2c
tS2/tS1-2 17 0b 0c
tS1-2/tS1-2 7 0b 0c
(B) B6 strain (analyzed
separately from F1 mice)
Wildtype and heterozygotes
1/1 9 100a,b 3.2 6 1.4a
1/tS1 8 96 6 9a,b 1.6 6 0.5b
1/tS1-2 18 100a 3.6 6 0.6a
Homozygotes
tS1/tS1 12 43 6 26c 0.4 6 0.8c
tS1/tS1-2 13 62 6 39b,c 1.0 6 0.8b,c
Note. Values in the same column with different superscripts are
significantly different (percentage penetration, Kruskal–Wallis
nonparametric test; FI, ANOVA, Newman–Keuls test; P , 0.05).or S1 reduced the FI to 0.
Copyright © 2000 by Academic Press. All rightDISCUSSION
S1 and S2 Genes Affecting Sperm Motility Interact
Additively
Motility is important for sperm transport through spe-
cific regions of the female genital tract to reach the site of
fertilization, as well as to penetrate the oocyte investments:
the cumulus matrix and the zona pellucida (for a review, see
Olds-Clarke, 1996). For example, sperm from tS1-2/tS1-2 mice
have motile flagella, yet little progressive motility (Olds-
Clarke and Johnson, 1993). More than a million viable
sperm are deposited in the uterus, yet few are able to pass
through the uterotubal junction (Olds-Clarke, 1986). Fur-
thermore, neither sperm of this genotype nor sperm from
tS2/tS1-2 mice can penetrate the zona pellucida (McGrath and
Hillman, 1980; Johnson et al., 1995a). Thus, poor progres-
sive motility can detrimentally affect sperm transit through
the uterotubal junction and the zona pellucida.
Homozygosity for S2 caused large decreases in both the
percentage of progressively motile sperm and the mean
VSL, a measure of net velocity. Although homozygosity for
S1 also caused moderate decreases in the percentage of
progressively motile sperm and in VSL, these levels were
similar to those of sperm from mice heterozygous for S2
(Table 1). Therefore, S2 is clearly the most important factor
in causing these motility defects. However, S1 also had
effects on motility. Since heterozygosity for S1 caused a
decrease in the percentage of progressively motile sperm, it
is not surprising that mice heterozygous for S1 and simul-
taneously homozygous for S2 displayed a decrease in the
percentage of progressively motile sperm, relative to mice
either homozygous for S2 or heterozygous for S1. Similarly,
homozygosity for S1 reduced VSL, and when S2 was also
present heterozygously (tS1/tS1-2), VSL was further reduced
relative to 1/tS2 or tS1/tS1 mice). Thus, it appears that with
regard to motility, S2 and S1 interact additively.
Mice homozygous for S2, or homozygous for S1 and
simultaneously heterozygous for S2, are sterile (Lyon, 1986;
Pilder et al., 1993), yet their sperm can penetrate zona-free
oocytes (Table 3). Therefore, it is likely that poor sperm
motility is the major cause of the male sterility arising from
these genotypes. Furthermore, these data indicate that the
genes within S1 and S2 which alter oocyte penetration are
different from the genes which decrease motility.
S1 and S2 Contain Candidate Genes for the
Abnormal Sperm Motility
Dnahc8 is located fairly centrally within In4, the S2
egion (Fossella et al., 2000). Partial sequence analysis of
nahc8 has revealed a striking homology to the g heavy
chain of the Chlamydomonas axonemal outer arm dynein
complex (Tanaka et al., 1995; Vaughn et al., 1996; Fossella
t al., 2000). In Chlamydomonas, the outer arm is not used
o generate the actual waveform, but to supply additional
ower to the stroke (Blair and Dutcher, 1992). If S2 contains
a defective allele of Dnahc8, this would reduce the force of
flagellar movement in sperm from tS2/tS2 mice. Two other
s of reproduction in any form reserved.
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276 Redkar et al.loci which affect motility and cause sterility, Hst4 and
Hst5, have also been located within In4 (Pilder et al., 1991,
1993).
Tctex1 is a candidate for a gene affecting sperm motility
in In1, the S1 region. In Chlamydomonas, Tctex1 codes for
a light chain in one of the inner arm dynein complexes
thought to be important in regulation of the flagellar
waveform (Harrison et al., 1998). The Tctex1 t haplotype
sequence differs from its wild-type sequence (Lader et al.,
1989). Furthermore, the protein is present in mouse sperm
(Harrison et al., 1998). If S1 contains a defective allele of
Tctex1, this could result in a sperm axoneme that is not
able to regulate flagellar bending properly. Thus, the sim-
plest explanation for the additive effect of S1 and S2 on
motility is that when only defective TCTEX1 is present and
half of the DNAHC8 proteins present are abnormal (as in
sperm from tS1/tS1-2 mice), the sum of these defects is
ufficient to drastically reduce axonemal function. This
oes not preclude the involvement of Hst4 and Hst5 motil-
ty factors in these interactions.
S1 and S2 Genes Affecting Capacitation Interact
Synergistically
Capacitation is the process by which ejaculated sperm
become capable of fertilizing the oocyte (Yanagimachi,
1994; Visconti et al., 1998). The S1 and S2 sterility factors
ffected capacitation differently from motility. While ho-
ozygosity for either S1 or S2 had no effect on capacitation,
t was substantially reduced in sperm from mice homozy-
ous for S2 and simultaneously heterozygous for S1 (tS2/tS1-2
mice, Table 2). In genetic terms, when S2 is homozygous,
S1 becomes a dominant mutation. Furthermore, homozy-
gosity for S1 together with heterozygosity for S2 caused
only a minor decrease in capacitation, while homozygosity
for S2 together with heterozygosity for S1 caused a large
ecrease in capacitation. Therefore, the interaction be-
ween S1 and S2 genes altering capacitation appears to be
ynergistic rather than simply additive. The synergism
etween S1 and S2 could be a result of mutations in
eparate components of a single signal transduction path-
ay needed for capacitation or mutations in two different
athways dependent on each other or on a common acti-
ating signal. It is also tempting to speculate that the
ild-type allele of the S1-specific capacitation gene is
ecessively epistatic to the homozygous tS2-dependent ca-
acitation phenotype, catalyzed by the expression of a
ingle t allele of S1.
Tcp11 Could Play a Role in Capacitation
Tcp11 has been suggested as a candidate for S2 (Fraser and
udley, 1999). This gene is testis-expressed and the se-
uence predicts a single amino acid difference between the
ild-type and the t haplotype forms. The TCP11 protein is
hought to be the sperm membrane receptor for the
ertilization-promoting peptide (FPP). In wild-type sperm,
xogenous FPP increases capacitation in vitro. If the t c
Copyright © 2000 by Academic Press. All rightaplotype specifies a defective FPP receptor, and if FPP is
ormally associated with sperm in the female genital tract
fter mating, sperm from t/t mice would be expected to
ave a lower level of capacitation. However, TCP11 has
een localized at the light microscope level to both the
perm head and the tail, and trypsin treatment does not
estroy this protein (Fraser et al., 1997).
Furthermore, the function of TCP11 has not yet been
xamined in mice carrying t haplotypes. Therefore, it is not
lear whether Tcp11 plays a role in the interaction of S1 and
S2 on capacitation. Since there are no other mutations
known that directly affect capacitation, the mutations in S1
and S2 which decrease capacitation could contribute to our
understanding of pathways necessary for this process.
Zona Pellucida Binding Defects Could Be
Secondary to Capacitation Defects
Sperm binding to the zona pellucida is necessary for the
physiological acrosome reaction and (together with motil-
ity) for penetration of the zona pellucida (Yanagimachi,
1994). Sperm–zona binding is greatly reduced in wild-type
sperm that are not capacitated. Furthermore, sperm from
tS1-2/tS1-2 mice were reduced in capacitation and zona bind-
ng ability, relative to congenic wild-type sperm (Si and
lds-Clarke, 1999). Thus, it was not surprising that sperm
rom mice with the combination of partial t haplotypes
having the poorest capacitating ability, tS2/tS1-2, also dis-
played a reduced zona binding ability (Table 2). These data
provide further support for the hypothesis that capacitation
enhances zona binding ability.
Kinetics of Wild-Type Sperm Interactions with
Zona-Free Oocytes
“Oocyte penetration” here indicates the presence of de-
condensed sperm nuclei in the ooplasm. In the mouse,
complete decondensation of the sperm is very quick (,15
min), whereas pronuclear formation takes 2–3 h (Horvath et
al., 1993; Redkar and Olds-Clarke, 1999). Therefore, sperm
nuclear decondensation is an indirect measure of sperm–
oocyte fusion. Before considering the interaction of mutant
sperm with the oocyte, it is useful to understand the
kinetics of wild-type sperm–oocyte interactions at various
sperm concentrations. The correlation between the rate of
zona-free oocyte penetration and the maximal FI (Figs. 2A
and 2B) suggests that the maximal FI is dependent on the
rate of zona-free oocyte penetration. Because the time
needed for the establishment of the block to polyspermy is
a function of the oocyte, fewer sperm penetrating during
this “window” will result in a lower level of polyspermy
(i.e., lower FI). Furthermore, wild-type sperm of the B6
strain penetrated oocytes more slowly than did F1 wild-type
perm and exhibited a significantly lower maximal FI (Figs.
A and 2B). This demonstrates that genetic background
ffects the sperms’ ability to penetrate zona-free oocytes
nd dictates that sperm fertilizing ability be compared to
ontrol sperm with a similar genetic background. Thus,
s of reproduction in any form reserved.
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277Male Sterility Factors in the Mouse t Complexeither lower sperm concentrations or a slower rate of
penetration (as for B6 sperm, relative to F1 sperm) results in
a lower level of polyspermy.
Specific binding to the oolemma is necessary for sperm–
oocyte membrane fusion. Since at high sperm concentra-
tions, maximal penetration of the oocytes was followed by
a decrease in sperm–oolemma binding (Figs. 2A and 2C),
the decrease could be related to the block to polyspermy.
The oocyte membrane changes after establishment of this
block, so that fresh sperm were not able to bind when
oocytes were reinseminated with 1–2 3 105 sperm/ml
(Horvath et al., 1993). Insemination at 107 sperm/ml could
provoke a much stronger reaction in the oocyte membrane,
such that the oolemma releases sperm already tightly
bound. When inseminated at this same high concentration,
polyspermic zona-free oocytes were able to eliminate sperm
that had already penetrated (Yu and Wolf, 1981). Thus, the
block to polyspermy at the level of the oolemma could
include mechanisms for removal of both bound and pen-
etrated supernumerary sperm.
Few Sperm from tS1-2/tS1-2 Mice Are Able to Bind
Tightly to the Oolemma
With regard to sperm from tS1-2/tS1-2 mice, the mechanism
nderlying the lack of zona-free oocyte penetration (John-
on et al., 1995a) has not been identified. The severely
educed motility of these sperm cannot be a factor, since
perm from tS2/tS2 mice also have poor motility (Table 1),
et can penetrate zona-free oocytes (Table 3). The data
resented here demonstrate that the ability of sperm from
S1-2/tS1-2 mice to bind tightly to the oolemma is minimal,
ven after 120 min of gamete co-incubation (Fig. 3A). Fewer
perm from these mice bound to the oolemma than did
ild-type sperm inseminated at 1/100 the concentration
Fig. 2C), raising the possibility that the lack of oocyte
enetration is due primarily to an oolemma binding defect.
his is supported by a study of insemination of zona-free
ocytes with sperm from tS2/tS1-2 mice, in which no ultra-
tructural evidence for sperm–oocyte membrane fusion was
een (McGrath and Hillman, 1980).
S1 and S2 Genes That Alter Oolemma Binding and
Penetration of the Zona-Free Oocyte Interact
Synergistically
Both S1 and S2 contribute to the oolemma binding defect.
After 30 min of gamete co-incubation, few sperm from
tS1/tS1 mice bound to the oolemma. Yet sperm from tS2/tS2
mice were not different from wild-type sperm in their
initial oolemma binding levels. If only data from sperm
binding after 30 min of co-incubation were considered, it
would appear that the oolemma binding defect can be
attributed entirely to homozygosity for S1. However, when
longer gamete co-incubation periods are considered, it is
clear that homozygosity for neither S1 nor S2 causes oo-
emma binding characteristics similar to homozygosity for
oth sterility factors. At later incubation times, binding by F
Copyright © 2000 by Academic Press. All rightperm from mice homozygous for S1 rose dramatically (Fig.
) and was followed by an increase in the percentage of
ocytes penetrated, while the level of binding of sperm from
S1-2/tS1-2 mice never rose (Fig. 3A), and oocytes were never
enetrated. On the other hand, sperm from tS2/tS2 exhibited
a delay in the decrease in binding that normally occurs after
30 min of co-incubation (Fig. 3B). This suggests that both S1
and S2 contribute to the minimal binding seen throughout
the co-incubation period. However, neither factor has the
same binding kinetics as homozygosity for S1 and S2,
suggesting that S1–S2 interaction is synergistic.
Another clue to the nature of the S1–S2 interaction
causing defective oolemma binding is provided by data from
sperm produced by mice homozygous for one sterility factor
and heterozygous for the other. Homozygosity for S1 and
heterozygosity for S2 (tS1/tS1-2) reduced the extent of the rise
n oolemma binding seen in sperm from mice homozygous
or S1 (Fig. 4). This suggests that addition of heterozygosity
or S2 to homozygosity for S1 compounds the defect in
inding. However, homozygosity for S2 and heterozygosity
or S1 (tS2/tS1-2) had an even greater detrimental effect on
inding, so that only a small increase in oolemma binding
as observed, even after 120 min of gamete co-incubation
Figs. 3A and 3B). Since each of the sterility factors when
eterozygous have little or no effect, these data suggest
hat, as was the case for capacitation, the S1 and S2
utations that alter oolemma binding act synergistically.
here are no obvious candidates for sperm components
mportant in binding. Although several members of the
DAM family of proteins (ADAM 1, 2, and 3) are good
andidates for sperm membrane components involved in
olemma binding (Primakoff and Myles, 2000), none of
hese genes are located in the t complex (Cho et al., 1996).
When sperm were inseminated at 107/ml, only homozy-
gosity for S2 and heterozygosity for S1 caused an absence of
penetration of zona-free oocytes (Table 3). This suggests
that S1 and S2 must interact to have a severe effect, and the
nature of this interaction is virtually the same as that of
capacitation and oolemma binding defects. A potential
candidate gene for the S2 mutation that contributes to a
very low level of sperm penetration of the zona-free oocyte
is Aeg1. This gene specifies an epididymal protein (also
called D/E, CRISP1, or MEP7) loosely associated with the
sperm surface and thought to be important in sperm–oocyte
fusion (Rochwerger et al., 1992). Aeg1 has been located
about 0.5 cM beyond D17Leh89, the putative distal end of
the t haplotypes (Forejt et al., 1999). However, the distal end
f the t haplotype is not known with certainty and could
xtend beyond this locus. If so, a mutant allele of Aeg1
ould be involved in the oocyte penetration defects due to
2.
When mutant sperm were tested for their FI, a measure of
olyspermy, S1 had detrimental effects when heterozygous,
nd S2 had detrimental effects when homozygous (Table 3).
hus, the mutation in S1 affecting FI appears to have a more
evere effect than the analogous mutation in S2. Since the
I of sperm from mice homozygous for S2 and heterozygous
s of reproduction in any form reserved.
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278 Redkar et al.for S1 was virtually zero (Table 3), the mutations within S1
and S2 that alter FI could be additive.
Genetic Background Influences S1 and S2 Effects
on Sperm Functions in Fertilization
With regard to severity of defects in oolemma binding,
penetration, and degree of polyspermy, genetic background
was influential. S1 was more detrimental to sperm binding
nd penetration on the B6 genetic background than on the
1 background (Fig. 3 vs Fig. 4, Table 3). However, only one
f the two proximal partial t haplotypes used in the present
tudy, tpo, was thoroughly examined on the B6 background
Fig. 1). A previous study found that homozygosity for the
ther proximal partial t haplotype, th49, did not produce any
oticeable effects on zona-free oocyte penetration after
nsemination at 105/ml (Johnson et al., 1995b). However,
these sperm were from outbred mice and thus could not be
compared to wild-type sperm of the same strain. Since then,
sperm from one th49/th49 male on the B6 genetic background
ave been tested. After 90 min of gamete co-incubation,
hese sperm had a mean oolemma binding level of 9
perm/oocyte, with 82% of the oocytes penetrated and an
I 5 0.8. Thus, with regard to oolemma binding, penetra-
ion, and degree of polyspermy, all of the evidence suggests
hat recessive modifier genes in the B6 genetic background
mplify the detrimental nature of S1 expression.
Are Capacitation Defects Causal to Defects in
Sperm–Oocyte Interactions?
The defects in capacitation could be directly related to
TABLE 4
Summary of Effects of Partial and Complete t Haplotypes on Sper
Genotypea Motilityb Capacitationb
Zona
bindingb
1/1 11111 11111 11111
1/tS1 1111 11111 11111
1/tS2 111 11111 11111
1/tS1-2 111 11111 11111
tS1/tS1 111 11111 11111
tS2/tS2 1 11111 11111
tS1/tS1-2 11 1111 1111
tS2/tS1-2 1 11 11
tS1-2/tS1-2 1 11 11
a The genotypes are as indicated in Fig. 1.
b Rating scale: wild-type sperm, 11111; a small but statistic
eductions, 111, 11, and 1. Both F1 and B6 strains are included;
has a more detrimental effect on S1 genes than does the F1 backg
otility, both progressive motility and progressive velocity were c
c Oolemma binding kinetics: a “peak” of binding that occurred l
decrease, 111; binding level initially low, only a small increas
co-incubation, 1.defects in oolemma binding and zona-free oocyte penetra- T
Copyright © 2000 by Academic Press. All rightion, since there was a significant correlation between
apacitation and oocyte penetration. Furthermore, the
1–S2 pattern of interaction for capacitation showed a
trong resemblance to the S1–S2 pattern of interaction for
olemma binding and zona-free oocyte penetration (Table
). Homozygosity for either factor had little or no effect on
ny of these characteristics. However, when the factors
nteracted, homozygosity for S2 and heterozygosity for S1
tS2/tS1-2) had much greater detrimental effects on these
haracteristics than did homozygosity for S1 and heterozy-
osity for S2 (tS1/tS1-2). This pattern was not observed for
nteraction of S1 and S2 on motility (Table 4). Thus, the
imilarity in mode of interaction of S1 and S2 with regard to
capacitation, oolemma binding, and zona-free oocyte pen-
etration could indicate a direct relationship among them.
Poor capacitation could delay or decrease the sperms’ abil-
ity to bind to the oolemma, which in turn could affect
oocyte penetration. Therefore, poor capacitation could con-
tribute to the defects in oolemma binding and penetration
of the zona-free oocyte. Several loci causing a decrease in
sperm penetration of the zona-free oocyte have been
mapped to regions within S2 (Redkar et al., 1998). It will be
interesting to see whether either of these loci also alters
capacitation or oolemma binding.
SUMMARY
The data presented here indicate that the t haplotype
sterility factors S1 (located in In1) and S2 (located in In4)
ach contain mutations affecting sperm motility, capacita-
ion, oolemma binding, and zona-free oocyte penetration.
nctions in Fertilization
Oolemma
binding kineticsc
Zona-free oocyte
penetrationb
Fertilization
indexb
11111 11111 11111
1111 11111 1111
11111 11111 11111
11111 11111 11111
11111 111
11111
111
1111
11111 11111 1111
111
1111
111
11111
111
11 1 1
1 1 1
significant reduction from wildtype, 1111; progressively larger
e they differ, both ratings have been indicated (the B6 background
d, so the B6 is always the first of the two values listed). In rating
dered.
than in the wildtype, 1111; binding level increased, but no later
er, 11; binding level minimal throughout the 3- to 4-h gametem Fu
ally
wher
roun
onsi
aterable 4 summarizes the effects of t haplotypes on each of
s of reproduction in any form reserved.
FF
F
F
F
H
H
H
H
J
J
M
N
O
O
O
O
P
279Male Sterility Factors in the Mouse t Complexthese sperm functions. It appears that the genes impinging
on motility are different from those altering the other
characteristics, since the nature of the interaction of these
mutations is additive for genes affecting motility, but
synergistic for genes which alter capacitation, oolemma
binding, and zona-free oocyte penetration. A testable hy-
pothesis is that the factors causing reduction of capacita-
tion and/or minimal oolemma binding contribute to the
lack of zona-free oocyte penetration.
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